The futb gene, which encodes the first bovine ␣3-fucosyltransferase described, consists of five exons (a, b, c, d, and e), the first four being located upstream of the coding exon e. Together with the four introns (i1, i2, i3, and i4) they span a DNA genomic sequence of about 10 kb. futb is expressed as four tissue-specific transcripts differing by their 5Ј-untranslated (5Ј-UT) regions, but only one transcript includes all exons, while the other three begin at internal sites of exon c. A short sequence of the latter is homologous to distinct 5Ј-UT exons of FUT6 (␣3-fucosylation) and FUT3 (␣4-fucosylation), two human genes whose coding sequences are homologous to coding exon e of futb. Upstream and downstream, the exon c intronic regions of the bovine gene are homologous to 5Ј-UT exons of human FUT3 (exon B) and FUT6 (exons A, B, and C) . Thus, exon c appears to be the most ancestral 5Ј-UT exon known among these ␣3-fucosyltransferase genes. Interestingly, distribution of short interspersed nuclear elements in the i3 intron adjacent to exon c reveals that two repeat sequences are joined to form a reversetranscriptase-like encoding sequence highly homologous to an open reading frame located at the 3Ј end of the bovine gamma globin gene. This organization suggests that duplication events that have generated the primate FUT3-FUT5-FUT6 cluster might have occurred through a long-interspersed-nuclear-element-based mechanism of unequal crossing over, as described for the globin cluster. Complete organization of the bovine futb gene reveals that in addition to duplication events, the lineage leading to primate FUT3, FUT5, and FUT6 genes results from rearrangements of intronic sequences which have created for each new gene specific regulatory 5Ј-UT exonic sequences.
Introduction
Numerous ␣3-fucosyltransferase genes are present in vertebrates and invertebrates. They share high levels of sequence homology, and the conservation of structural features in the encoded proteins suggests that they have originated from a single ancestral gene . The involvement of their oligosaccharide products in cell adhesion processes during development (Gooi et al. 1981; Clarke and Watkins 1996; Wiederschein et al. 1998) , inflammatory response (Lowe 1997) , and fertilization (Johnston et al. 1998 ) might be a reason for the maintenance of several similar genes in the genome. In other respects, duplication of a functional gene could provide a buffer against mutations that lead to a loss of function and induce physiological disorders (Clark 1994) .
So far, five human ␣3-fucosyltransferase genes have been cloned: FUT3 (Kukowska-Latallo et al. 1990) , FUT4 (Goelz et al. 1990 ), FUT5 (Weston et al. 1992a ), FUT6 (Weston et al. 1992b) , and FUT7 (Natsuka et al. 1994; Sasaki et al. 1994) . Three of these genes (FUT3, FUT5, and FUT6) constitute a cluster within 1 cM (Reguigne-Arnould et al. 1995; McCurley et al. 1995) on human chromosome 19p13.3 and share more than 90% identity (Weston et al. 1992a; Mollicone, Cailleau, and Oriol 1995) . More recently, FUT9, another ␣3-fucosyltransferase gene expressed in the brain and the kidney, has been identified in the mouse genome (Kudo et al. 1998) .
In primates, the duplication of ␣3-fucosyltransferase genes allowed the appearance of a new fucosyltransferase activity. The human Fuc-TVI enzyme transfers fucose exclusively in ␣1,3 position on type 2 acceptors, whereas Fuc-TIII and Fuc-TV can transfer fucose in ␣1,4 position on the type 1 acceptors as well. The change in enzyme specificity is the consequence of discrete amino acid substitutions in Fuc-TIII and Fuc-TV (Nguyen et al. 1998 : Dupuy et al. 1999 . Therefore, it seems that the product of the common ancestor of FUT3 and FUT5 genes has only recently acquired the capacity to use type 1 acceptors and conserved the ability to use type 2 acceptors (Dupuy et al. 1999) .
Moreover, the presence of these clustered ␣3-fucosyltransferase genes in humans allowed their differential expression in several tissues. FUT3 and FUT6 are expressed at high levels in a large number of tissues, while FUT5 expression is weak and restricted to a few cell types. The monoexonic coding regions of these three genes are highly homologous, whereas the 5Ј-untranslated (5Ј-UT) regions share no apparent homology. Their expression patterns in different tissues depend in part on differential processing of transcripts . The FUT3 gene is -3Ј  5Ј-GGGGGAGGCTTGTTGTGAAGTAGC-3Ј  5Ј-GAAGCAGCTGCAGCAACAGCCCGG-3Ј  5Ј-GGACCCCTCAGTGGCCTGGGAAGG-3Ј  5Ј-AAGAACGCCCTGCAGGCATGGGCTGTGCC-3Ј  5Ј-TGGCACAGTACTTGCTAGCACTGG-3Ј  5Ј-TCCTGGTCGGCTGCTGTCTGCC-3Ј  5Ј-GCCCTTGGCAGGGAGGAGGATCC-3Ј  5Ј-AGCTTAAGCTTGTTGCTTTGTTATGTATG-3Ј  5Ј-CACCACTCCACGCTGTCTGAATCCG-3Ј  5Ј-AGATCTTCTGCTCATTTTTTGATTGGG-3Ј 5Ј-GCTCCATTGCATGTGGGATCTTCC-3Ј 5Ј-CCTACGTCGCCTGCATTGCAAGGTGG-3Ј 5Ј-AGCCGACCAGGAGGCTTCGGGCGG-3Ј 5Ј-CCATCCTAATACGACTCACTATAGGGC-3Ј 5Ј-ACTCACTATAGGGCTCGAGCGGC-3Ј composed of three exons (A, B, and C). All FUT3 transcripts start with exon A, with the alternatively spliced forms originating from a common pre-mRNA species.
5Ј-CTTTGCCCCCTGAAATAACACAGC
The FUT6 gene organization is more complex, with seven exons (A, B, C, D, E, F, and G) . The first exon transcribed can be either exon A or exon C, suggesting that two transcription start sites are used, in addition to alternative splicing in 5Ј-and 3Ј-UT regions. The FUT5 contains only two exons (A and B) and presents two polyadenylation signals . We have previously shown that the bovine futb gene could be the orthologous homolog of a common ancestor from which human FUT3, FUT5, and FUT6 genes derive (Oulmouden et al. 1997 ). This observation and results from the team of R. Oriol showing that FUT3, FUT5, and FUT6 coding sequences of chimpanzees are highly homologous to their human counterparts raise the possibility that the duplication events at the origin of the FUT3-FUT5-FUT6 cluster occurred between the great mammalian radiation 80 MYA and the separation of humans and chimpanzees 5 MYA ). The bovine Fuc-Tb enzyme exhibits a specificity to type 2 chain (␣3-fucosylation) as Fuc-TVI enzyme, the ␣4-fucosylation being absent in this species.
To gain a deeper insight into the relationships between the three homologous human genes and their unique bovine counterpart, we focused on the complete structural organization of futb. Our study reveals that human 5Ј-UT exons of FUT3 (␣4-fucosylation) and FUT6 (␣3-fucosylation) have recently emerged from ancestral sequences homologous to the present intronic bovine sequences.
Materials and Methods Materials
The oligonucleotides used are listed in table 1. They were obtained from Eurogentec (Ougree, Belgium). Before sequencing, all PCR products were cloned into the pMOSBlue T-vector (Amersham, Uppsala, Sweden), the pEasy T-vector (Promega, Madison, Wis.) or the pTarget T-vector (Promega). The pBlueScript SK vector (Stratagene, La Jolla, Calif.) was used for cloning cosmidic fragments. Bovine brain, heart, kidney, liver, lung, and spleen mRNAs were purchased from Clontech (Palo Alto, Calif.). Testis and colon mRNAs were prepared using TRIZOL Reagent and Oligo(dT) Cellulose Column (Life Technologies, Grand Island, N.Y.).
Rapid Amplification of 5Ј and 3Ј cDNA Ends
The Marathon cDNA amplification kit (Clontech) was used to obtain a library of adaptator-ligated doublestranded cDNAs from bovine brain, colon, heart, kidney, liver, lung, spleen, and testis. Poly(A ϩ ) RNA (1 g) was used as an initial template. The resulting cDNA libraries were diluted to a final concentration of 0.2 g/ml, and the 5Ј ends were amplified (Mercier et al. 1999 ) using 5 l of each library as a template with the sense oligonucleotides AP1 and the nested AP2, and the antisense oligonucleotides p4 and the nested p3 (table 1 and fig. 2A ). The same procedure was carried out for the determination of 3Ј ends, except that the specific sense primers were p5 and p6 (table 1 and fig. 2A ) for the first and second PCR amplifications, respectively.
DNA Sequence Analysis
Sequencing was carried out using T7 and U-21 (pMOSblue T-vector) or M13 and M13 reverse (pBlueScript or pEasy T-vector) sequencing primers, a dye terminal labeling chemistry (kit PRISM Ready Reaction Ampli Taq FS) and the ABI PRISM 310 Genetic Analyzer (Perkin Elmer, Norwalk, Conn.).
Southern Blot Analysis of Cosmidic DNA
Bovine cosmidic DNA pWE15 futb (Oulmouden et al. 1997 ) was digested with BamHI, EcoRI, and EcoRV. Fragments were separated through 0.8% agarose gel. Blots were hybridized with [ 32 P] radioactive probe I (5Ј-UT cDNA probe, 557 bp) generated by SmaI digestion of the rapid amplification of cDNA ends (RACE) prod- showing the two transcript types. Start sites of transcription for type 2 are c1 (exon c1, 75 bp, was found in the heart, the kidney, and the spleen), c2 (exon c2, 50 bp, was found in the heart, the liver, and the spleen), and c3 (exon c3, 44 bp, was found in the brain, the colon, the lung, and the testis). These nucleotide positions ϩ1 are located inside exon c (134 bp), which itself belongs to the transcript of type 1. Black boxes correspond to untranslated exons or regions, and the pale gray box corresponds to the coding sequence. B, Sequences of 5Ј-untranslated exons a, b, c, and d and 5Ј-and 3Ј-untranslated regions of the coding exon e. Exon limits were determined by comparing cDNAs (AJ132773-AJ132776) to genomic DNA sequences (AJ132772). Nucleotide positions ϩ1 correspond to the first 5Ј nucleotide found in different transcripts (italics). The intronic sequences are indicated in lowercase. The potential polyadenylation signal is underlined. The ATG and TGA codons and the GA site are in boldface. (table 1 and fig. 2A ). Fragments indicated by arrows were cloned and sequenced. The close proximity of 2.1-and 5.8-kb BamHI genomic fragments was verified by sequencing of a PCR product obtained using p7 and p8 primers (table 1) located on each BamHI fragment ( fig. 2A and B) . uct (the first site is located in the adaptator sequence, and the second is located in the amplified coding region) and probe II (426 bp) generated by PCR (p1 and p2 primers; table 1 and fig. 2A ). After electrophoresis on a 1.5% agarose gel, 25 ng of each probe was labeled with [ 32 P]dCTP (Amersham) by random priming (Random Primers DNA Labeling System, Life Technologies) and purified to avoid unincorporated isotope (QIAquick nucleotide removal kit, Qiagen) at a specific activity of 5.10 8 cpm/mg or higher. High stringent hybridizations were performed as described (Oulmouden et al. 1997 ).
Determination of Gene Organization
Cosmidic DNA fragments shorter than 6 kb which hybridized probes I and II were cloned, and their sequences were compared with those of RACE products using the GAP program (Genetics Computer Group, Madison, Wis.).
Homology Queries
Comparisons between the whole 12-kb sequence containing the futb gene and the 5Ј-UT exons of human FUT3, FUT5, and FUT6 genes were performed using the LALIGN program (Huang and Miller 1991) . Repeated sequences among known bovine sequences were determined with the FastA program (Pearson and Lipman 1988) . Homologs to peptidic sequences were searched in SwissProt Data Bank with BLASTP (Altschul et al. 1990 ) and FastA.
Construction and Analysis of Chimeric Plasmids Containing P1 and P2 Regions Fused to the EGFP Reporter Gene
The 5Ј-flanking regions of exon c or exon a of futb were amplified from pWE15 futb cosmid (Oulmouden et al. 1997 ) using the primers listed in table 1 and positioned in figure 5 . The 50-l PCR reaction mixture contained 5 pmol of each dNTP, 15 pmol of each primer, 2.6 U of enzyme (Boehringer Mannheim, Mannheim, Germany) with 2.25 mM MgCl 2 . Conditions of PCR reactions were as described by the manufacturer, except that annealing temperature of primers was set at 68ЊC. The resulting fragments were then cloned into the pTarget T-vector, extracted by XhoI and SalI, subcloned into the pEGFP-1 vector (Clontech) and digested by the same enzymes. Orientation of futb promoters was checked by restriction mapping. COS-7 cells were transfected with Superfect Reagent (Qiagen). After 48 h, transfected cells were analyzed by flow cytometry (FACS-Vantage, Becton Dickinson, Franklin Lakes, N.J.) with an excitation light at 488 nm. Green fluorescence was detected through a band-pass filter centered at 520 nm Ϯ 10 nm. A standard cytogram based on the measurement of right angle scatter versus forward angle scatter was defined to eliminate cellular debris and aggregates. The events (2.10 4 ) included in the interest area were analyzed at a rate of 200 per second. 
Results

RACE Analysis of 5Ј-and 3Ј-UT Regions of futb Transcripts
Two 5Ј-UT PCR products, one of 591 bp and one of about 350 bp, both including 134 bp of coding sequence, were amplified from heart and spleen cDNAs using the AP2 and p3 primers ( FIG. 5 (Continued) bp. They differed only in their 5Ј ends and corresponded to positions c1, c2, and c3 inside exon c ( fig. 1A and  B) . The entire exon c was always found to be associated with exons a and b (591 bp) in the heart and the spleen while its derivatives were also tissue-specific: c1 was found in the heart, the kidney, and the spleen; c2 in the heart, the liver, and the spleen; and c3 in the brain, the colon, the lung, and the testis.
Only one 3Ј-UT fragment of 318 bp was found with AP2 and p6 primers (table 1) in all cDNAs ( fig. 1) . The 3Ј-UT region of futb seems to be devoid of alternative splicing and multiple polyadenylation sites. The unique putative polyadenylation signal (AATACTAA, fig. 1B ) differs from the typical A 98 A 91 T 100 A 99 A 99 A 98 and other known consensus motifs (Birnstiel, Busslinger, and Strub 1985) . Nevertheless, futb transcripts contain a GA Emergence of Exons from Introns 1543 terminal sequence ( fig. 1B) and a G/T cluster (AJ132772) downstream of the GA site indicative of 3Ј-UT processing.
Altogether, these data show that (1) the futb gene is expressed as four transcripts differing only in their 5Ј-UT regions, and (2) shorter transcripts are synthesized from three tissue-specific start sites of transcription ( fig.  1 ) downstream of a putative P2 promoter region (see below and fig. 2A ).
Genomic Organization of the futb Gene
Sequence comparison between 3Ј-and 5Ј-RACE products obtained from the above-mentioned tissues, along with the 5.8-kb BamHI genomic fragment previously described (Oulmouden et al. 1997) , shows that exon e (1,428 bp; figs. 1 and 2A) includes the coding region (1,098 bp) flanked by 5Ј-UT (12 bp) and 3Ј-UT (318 bp) sequences. The 5.8-kb genomic fragment also includes a 5Ј-UT sequence of 141 bp, called exon d, located 1,368 bp upstream of exon e ( fig. 2A and C) . DNA isolated from pWE15 futb cosmid (Oulmouden et al. 1997 ) was cleaved (BamHI, EcoRI, and EcoRV) and then hybridized using the 5Ј-UT cDNA probe. Two hybridizing fragments ( fig. 3A) , one of 2.1 kb (BamHI) and one of 3.7 kb (EcoRI), were cloned, sequenced, and compared with 5Ј-UT cDNA sequences. Sizes of exons and introns, as well as exon/intron junctions, were determined (figs. 1B and 2C). The futb gene is divided into five exons: a (86 bp), b (84 bp), c (134 bp), d (141 bp), and e (1,428 bp), and four introns (i1 to i4) spanning about 10 kb of genomic DNA ( figs. 1 and 2A) .
To obtain information about the 5Ј-upstream region corresponding to a putative P1 promoter region ( fig. 2A) , an EcoRV fragment of 1.6 kb was identified using probe II (table 1 and fig. 3B ), cloned, and sequenced. Finally, contiguous sequenced fragments defined a genomic region of 12,607 bp (AJ132772), referred below to as the 12.6-kb region.
Homologies Between Introns i2 and i3 of futb and 5Ј-UT Exons of FUT3 and FUT6
A systematic comparison was carried out to check for the presence of homologous regions between the bovine gene futb and human FUT3, FUT5, and FUT6 cDNAs. A threshold for alignments was assessed, using the LALIGN program, by homology levels between unrelated sequences. Human exon localization was ascertained when homology was up to 48% for a unique position on the bovine 12.6-kb sequence, whatever the comparison parameters retained (fig. 4) .
Exon A of FUT3 was found to be homologous (62.5%) to a part of exon c of futb ( fig. 5A) . A region located inside intron i3 of futb is homologous (59.6%) to exon B of FUT3 ( fig. 5B ). The distance between these two homologous regions (exon c and the segment of intron i3 homologous to exon B of FUT3) is 780 bp, while the size of the corresponding human intron (between exons A and B of FUT3) is 4.5 kb .
Exon A and the 105 nt of exon B of FUT6 were found to be homologous (63%-70%) to a median region of intron i2 of futb ( fig. 5C and D) , while the 3Ј end of exon B (230 bp) associated with exon C of FUT6 is homologous (60%-70%) to the 3Ј end of bovine intron i2 and to the entire exon c ( fig. 5E and F) .
The futb Gene Contains Several Short Interspersed Nuclear Elements and Other Interspersed Sequences A similarity search in GenBank/EBI was done with BLASTN (see Materials and Methods) using the 12.6-kb region. Eight distinct regions dispersed all along the futb gene were found to be homologous to a well-conserved family of dispersed sequences occurring specifically in the Bovidae species. Seven of them (numbers 1-6 and 8; fig. 2B ) are related to three families of short interspersed nuclear element (SINE) sequences: Bov-A2, containing two 115-bp Alu-type elements (260 bp, X64126; Duncan 1987; Lenstra et al. 1993) ; Bov-tA, a tRNA pseudogene associated with an Alu-type element (180 bp, X64124; Lenstra et al. 1993) ; and Bov-B, homologous to a part of the Alutype element (560 bp, X64125; Watanabe et al. 1982; Lenstra et al. 1993) . One of the eight interspersed regions detected in futb (number 7; fig. 2B ) is also largely present and dispersed in Bovidae, although it is not related to any known SINE family sequence previously depicted. This repeated sequence is associated with SINE Bov-B (number 6; fig. 2B ) and constitutes an antisense open reading frame (ORF) encoding a putative polypeptide of 335 residues (named RTLf; AJ132772). A high sequence homology (85%) was found with another antisense ORF present in the bovine gamma globin gene (M63452). In addition, similarities close to 44% were found with reverse transcriptase (G328068) and related proteins (Q19881, P11369, P08547).
Bovine Promoter Activity of P1 and P2 Regions in Primate Cells
To gain information on the ability of primate COS-7 cells to support the expression of a more ancestral bovine gene, we realized several constructs of P1 and P2 promoter regions using the pEGFP-1 vector. Promoter sequences were cloned upstream of the green fluorescent protein-coding sequence ( fig. 6 and Materials and Methods). Flow cytometric analyses of transfected COS-7 cells reveal that the bovine P2 promoter region was weakly efficient, while the P1 seemed to be completely ineffective ( fig. 6 ) compared with the high activity of the CMV promoter used as a positive control.
Discussion
In contrast to the homologous primate genes, the futb gene does not belong to a cluster, indicating that the duplication events of the ancestral gene were subsequent to the separation of primate and Bovidae (Oulmouden et al. 1997) . The bovine gene, like its hamster, chicken, and mouse pseudogene counterparts, is an orthologous homolog of an ancestral gene that has evolved by successive duplications in humans and chimpanzees . Until now, the mechanism leading to these phenomena were unknown. Our finding that in futb several intronic sequences are homologous to human 5Ј-UT exons elucidates the evolution of the ancestral gene.
Numerous dispersed sequences related to SINEs are also present in the futb gene. Inside intron i3 of the futb gene, the repeated sequence 7, associated with SINE Bov-B (sequence 6; fig. 2B ) constitutes an antisense ORF. This ORF presents a strong sequence homology (85%) with another antisense ORF located on the bovine gamma globin gene (M63452). No particular motifs (hydrophobic region, potential N-glycosylation site, specific peptidic motifs known to play a functional role in proteins) were found, and consequently no precise role can be attributed to this antisense ORF. Nevertheless, a similarity close to 44% has been found with reverse transcriptase or similar proteins, suggesting that the structure of these two specific antisense ORFs is intermediate between SINEs and long interspersed nuclear elements (LINEs). Repetitive elements such as LINEs, SINEs, and Alu-type sequences are abundant in mammalian genomes, and their ability to promote transposition of DNA fragments is now well documented (Deininger and Daniels 1986; Okada 1991) . These sequences are generally found in specific loci that favor multiple integrations (Korenberg and Rykowsky 1988) . Transposable repetitive sequences play an important role in unequal crossing over inducing the emergence of new genes. For instance, the duplication of an ancestral ␥-globin gene (Fitch et al. 1991) in primates, which has not occurred in mice, results from unequal homologous crossing over between two related long repetitive elements. We can speculate that, as observed in futb region, primate DNA fragments including the FUT3-FUT5-FUT6 cluster could also share several dispersed sequence insertions. In that case, the duplication of the ancestor leading to the present primate cluster of ␣3-fucosyltransferase genes could equally result from unequal crossing over, implying an upstream sequence to the present UT exon common to human (exons A and C of FUT3 and FUT6, respectively) and bovine (exon c) genes (fig. 4) . Considering that repeated sequences might have led to the duplication of the ancestor of FUT3, FUT5, and FUT6, it is interesting to note that, in the bovine, only one fucosyltransferase gene (like ␥-globin gene in the mouse) is present at the corresponding locus (Oulmouden et al. 1995 (Oulmouden et al. , 1997 , suggesting that the bovine gene (futb) has not followed the same evolutionary changes as the primates genes.
Homologies between exon c1 of futb and exon C of FUT6 or exon A of FUT3 ( fig. 4) suggest that the promoter sequences located upstream of these 5Ј-UT exons could also be retained in the present genes. Moreover, for each of these promoter regions, corresponding transcripts have been identified this study) . Nevertheless, a divergent Nishiara et al. (1993). evolutionary pathway has occurred for at least the FUT3 and FUT6 genes.
The size of the intron separating exons A and B of FUT3 is 4.5 kb , but in futb, sequences homologous to these human exons are separated by only 780 bp. This and the absence of homologous sequence to exon A of FUT5 and exon D of FUT6 reveal a possible large deletion in the futb gene (fig. 4) . The two futb fragments, homologous to the contiguous exons A, B, and C of FUT6, are separated by 686 bp. The short and Bovidae-specific repeated sequence number 4 ( fig. 2 ) inside this additional fragment indicates that during evolution a sequence insertion might have split the homologous region of the bovine gene. Moreover, the absence in the FUT5 sequence of a homologous region for the untranslated exon c of futb ( fig. 4 ) might indicate that the putative common promoter region of FUT3, FUT6, and futb has not been retained in the 5Ј upstream sequence of FUT5 and could have been lost during the duplication mechanism (see the model presented in fig. 7 ) or by later changes, leading to weak expression Borsig et al. 1996) .
Sequence homology in corresponding parts of exons in the transcripts of FUT3 (exon A) and FUT6 (exon C) (figs. 4 and 5G) could indicate that these two genes were created before FUT5. As presented in figure 7 , the hypothesis on the duplication of an ancestral FUT3 gene leading to the FUT5 gene depends on (1) a common ␣4-fucosyltransferase activity of their protein products resulting from an R-to-W mutation of the ancestral gene (Dupuy et al. 1999) , and (2) the present gene order seen in the human cluster (Nishiara et al. 1993; ReguigneArnould et al. 1995) .
Contrary to other bovine and human genes, such as ST6Gal I (Mercier et al. 1999) , no homology between UT exons is observed, except for a part of the common exon c (fig. 4) , suggesting a recent emergence of human 5Ј-UT exons. In humans, the production of different transcripts is regulated by alternative splicing of untranslated exons . The presence of two types of futb transcripts ( fig.  1A) suggests that there are two promoters in bovine gene. The P1 promoter region, which seems to be active only in the heart and the spleen, was inefficient in primate COS-7 cells ( fig. 6 ). This may be a property of the host cells, since the P1 promoter region seems to be specific to bovine species (figs. 4 and 7). Other explanations might be equally considered, like an incomplete promoter sequence as shown for the human ␤1,4N-acetylgalactosaminyltransferase gene, for which enhancer elements are located downstream of the transcription start site (Furukawa et al. 1996 ). An unidentified combination of both negative and positive elements, as seen in the mouse ␤1,4-galactosyltransferase gene (HarduinLepers, Shaper, and Shaper 1993) , might also be involved. The P2 promoter activity was detectable in transfected COS-7 cells ( fig. 6 ), and the corresponding transcripts were present in all of the bovine tissues studied, which could indicate that the P2 region has conserved some features in common with the primate homologous promoter. Compared with the futb gene, promoter regions of FUT3 and FUT6 could supply useful information to elucidate how the divergence of regulatory regions has led to specific expression patterns for genes that originated from a common ancestor.
According to gene sequence analysis, intronic regions were strongly modified in bovine species during evolution. Multiple intronic insertions of repeated sequences occurred, while the coding region has kept a high homology with the human FUT3-FUT5-FUT6 cluster. The finding that untranslated exons belonging to one species are homologous to introns of another species could be of interest to elucidate evolutionary mechanisms. Recently, Nurminsky et al. (1998) identified a new gene in Drosophila melanogaster, named Sdic, that encodes a sperm-specific axonemal dynein intermediate chain. Nurminsky et al. (1998) showed that the promoter of the new gene issued from a protein-coding region of AnnexinX and that its protein-coding exon was refashioned from a part of an intron of the Cdic gene encoding cytoplasmic dynein chain. As stressed by Capy (1998) , Sdic emergence not only results from a classical exon shuffling process, but it also shows the de novo origin of a protein-coding exon from a previously noncoding sequence. In addition to these significant data, we show that in mammals, regulatory 5Ј-UT exons can also evolve from ancestral introns. Although Sdic was created through genome rearrangements, it seems that transposable elements estimated to account for about 80% of the mutations detected in Drosophila (Capy et al. 1998) are not implicated in the fusion at the origin of the new gene. Interestingly, the presence of numerous transposable elements inside the introns of the ancestral bovine gene and their combination to create new protein-coding sequence such as a reverse-transcriptase-like protein ( fig. 2 ) raise the question of how mobile sequences could have shaped the fucosyltransferase gene structure in mammals. Finally, complete organization of bovine futb, the ortholog of the three recent human FUT3, FUT5, and FUT6 genes, reveals that, in addition to duplication events, the lineage leading to primate genes results from rearrangements of intronic sequences which create for each new gene specific regulatory 5Ј-UT exonic sequences. The discrepancy between the presence of SINE-related sequences and the absence of duplication mechanisms occurring in the futb region can indicate that bovine lineages have prevented a gene evolution similar to that of primates. In a same way, the duplication of the ancestral ␣3-fucosyltransferase gene in primates is closely associated to the appearance of an ␣4-fucosylation function (Oulmouden et al. 1997; Nguyen et al. 1998; Dupuy et al. 1999) .
